Aim: Extracellular superoxide dismutase (ECSOD) and the cysteine/glutamate transporter (Cys)/(xCT) are tumor microenvironment (TME) redox state homeostasis regulators. Altered expression of ECSOD and xCT can lead to imbalance of the TME redox state and likely have a profound effect on cancer invasion. In the present study, we investigated whether ECSOD and xCT could be therapeutic targets for prostate cancer (PCa) invasion. Results: Immunohistochemistry of tumor microarray PCa tissues (N = 165) with high Gleason scores indicated that xCT protein expression is significantly increased while ECSOD protein expression is significantly decreased. Metastatic PCa indicated ECSOD protein expression is significantly decreased in epithelial area whereas xCT protein expression is significantly increased in stromal area. Furthermore, inhibition of extracellular O 2
Introduction
Redox state (reduction/oxidation) is the balance of reducing and oxidizing equivalents and plays important roles in several physiologic and pathologic processes. Therapies that target redox imbalances have been added to cancer regimens to target redox-related proteins that influence carcinogenesis and metastasis. Redox imbalance results from altered levels of reactive oxygen species/reactive nitrogen species (ROS/RNS) and/or antioxidant proteins. The major species of ROS/RNS include hydrogen peroxide (H 2 O 2 ), hydroxyl radical (•OH), superoxide radical (O 2 state in the extracellular spaces (extracellular matrix and stromal cells). We previously demonstrated that an imbalance of cysteine/cystine (Cys/CySS) pools in extracellular spaces promoted an alteration of the intracellular redox state that could be monitored by the redox status of thioredoxin 1 [2] [3] [4] . The extracellular redox state acts in concert with the intracellular redox state to control influx and efflux of ROS/RNS [1, 2, 5] . Both ROS/RNS and Cys/CySS are associated with invasion, hypoxia, angiogenesis, and acidosis in the extracellular spaces of cancerous tissues [1, 6, 7] .
Among redox state regulators, the cysteine/glutamate transporter (xCT) and extracellular superoxide dismutase (ECSOD) are the primarily tumor microenvironment (TME)-redox state homeostasis regulators; the former controls the redox coupling ratio (Cys/CySS) and the latter controls the prooxidant levels including O 2
•-and H 2 O 2 [1] .
ECSOD (SOD3) is the isoform of superoxide dismutase (SOD) that contains a signaling peptide, which directs ECSOD to the extracellular spaces and facilitates its binding to heparan sulfate proteoglycans [1, 8] . ECSOD serves as a modulator of redox homeostasis in extracellular spaces by removing plasma membranes/extracellular O 2 •-and producing H 2 O 2 [1, 8, 9] . ECSOD has a longer half-life in the circulation relative to the other two SOD isoforms, copper zinc SOD and manganese SOD [10] . ECSOD expression is influenced by multiple stimuli, including angiotensin II, NO
• , exercise training, and certain pathological states [8] . Several studies indicate that ECSOD has an anti-tumor effect [11] , thus it is reduced in several human cancers including colon, lung, breast, thyroid, mammary, and pancreatic ductal adenocarcinoma [12] [13] [14] [15] .
On the other hand, xCT (SLC7A11) is a plasma membrane transporter of CySS from outside the cell to inside. While inside the cell, CySS is rapidly reduced to Cys by glutathione (GSH) or thioredoxin reductase 1, and is then either synthesized into GSH or exported to the extracellular spaces [16] . The constant flow of Cys from inside the cells provides a reducing extracellular microenvironment and consequently, Cys levels are low inside the cells [17] . Commonly, xCT is not universally expressed by cells; overexpression of xCT is reported for various cancers including aggressive prostate cancer (PCa) [3] , colon [18] , glioma [19] , head and neck [20] , lung [21, 22] , breast [23, 24] , ovarian [25, 26] , liver [27] , and in cancer stem-like cells [28] . Due to its ability to export glutamate in exchange for CySS, down-regulation of xCT expression markedly decreases cancer cell viability and subsequently restricts the cancer cell's ability to switch between glucose and glutamine [16, 22] .
PCa incidence is increasing significantly worldwide [29] . Metastatic PCa is the most lethal form of this disease and a better understanding of its development may lead to effective targeted therapies. The redox state in PCa cells, stromal cells, and adjacent benign tissue has not been comprehensively studied. Herein, we analyzed a large number of prostate tissue samples to determine the expression levels of the ECSOD and xCT proteins in human benign tissues and in PCa tissues of varying Gleason scores and clinical parameters. In addition, we modulated the levels of ECSOD and xCT in both PCa epithelial and stromal prostate cells to investigate the extracellular redox state upon PCa invasion. The present study demonstrates that modulation of various TME components, for both PCa and stromal prostate cells, provides an effective anti-invasive effect that may have application as therapeutic interventions.
Materials and methods

Tumor microarray construction and immunohistochemistry staining
Paraffin-embedded tissue blocks were selectively cored from 165 PCa patients and 34 benign control patients, who underwent radical prostatectomy at the University of Kentucky, to construct a tissue microarray (TMA) through the Markey Biospecimen and Tissue Procurement Shared Resource, University of Kentucky-Lexington.
Approval for use of human prostate tissue was obtained from the University of Kentucky Institutional Review Board. Tissue cores (2 mm) containing cancerous tissues, adjacent benign epithelial tissues, or human benign prostatic hyperplasia (BPH) were used for the construction of tissue microarrays with duplicate cores from each patient. There were 4 disease groups: Gleason scores > 8, 7, < 6, and BPH. PCa-TMA slides were deparaffinized in a 60°C oven for 1 h and then rinsed in 3 changes of xylene for 10 min each. To block endogenous peroxidases, slides were immersed in 0.3% methanol/hydrogen peroxide for 20 min and then rehydrated for 1 min in each of 100%, 95%, 75%, and 50% ethanol and then double-distilled H 2 O. Heat-induced epitope retrieval was performed using a digital decloaking chamber (BioCare Medical, Concord, CA) for 20 min at 110°C in DAKO high pH EDTA or low pH citrate antigen retrieval buffer, as indicated. Endogenous peroxidase activity was quenched using reagent from Envision+ Kits (DAKO, Glostrup Municipality, Denmark), followed by incubation with primary antibodies ECSOD (high pH, 1:100) or xCT (low pH, 1:50) overnight at 4°C in a humidified chamber. After washing, slides were incubated with Envision+ polymer-bound secondary antibody (DAKO), then visualized with 3,3′-Diaminobenzidine and lightly counterstained with hematoxylin. Slides were then dehydrated, cleared, and mounted with coverslips; followed by microscopic analysis. Negative control slides had the primary antibody replaced with rabbit or goat serum for quality control and validation of the staining. The information about PCa-TMA samples is displayed in Table 1 . The assessments of ECSOD and xCT immunoreactivity were quantified with the Aperio imaging analysis system -Version 1 (Aperio Technologies, Inc., Vista, CA, USA), which can accurately measure protein expression patterns and morphometric characteristics in distinct tissue regions of interest (epithelial vs. stromal areas). The cytoplasmic algorithm was set to analyze the intensity (positive pixel count) of ECSOD and xCT in order to obtain an objective evaluation and avoid subjective interpretation ( Supplementary Fig. 1 ). The threshold intensity for positive areas (weak, medium, and strong positive) ranged from 0 to 220. The threshold for strong positive intensity ranged from 0 to 100. The average intensities of ECSOD and xCT in the epithelial area were obtained from the strong intensity areas in each core, while the average intensities of ECSOD and xCT in the stromal area were obtained from all positive areas in each core (Fig. 1) . Total RNA was isolated from flash frozen PCa and BPH tissues (Bioserve, Beltsville, MD) using the MagNA Pure 96 System (Roche Diagnosis USA, Indianapolis, IN). RNA concentrations were determined using an RNA 6000 Nano Kit (Agilent Waldbronn, Germany). The firststrand cDNA was reverse-transcribed and then pre-amplified with the Transcriptor first strand cDNA synthesis kit and cDNA Pre-Amp Master Mix (Roche Diagnosis, USA). qPCR was performed with the LightCycler 480 Probes Master system (Roche Diagnosis, USA). All experiments were performed following manufacturers' instructions. Actin was used as the endogenous control for normalization of gene expression. Primers (Thermo Fisher Scientific) used for qRT-PCR were as follows: SLC7A11 5′-ccatgaacggtggtgtgtt-3′ (forward) and 5′-gaccctctcgagacgcaac-3′ (reverse), SOD3 5′-ggtgcagctctcttttcagg-3′ (forward) and 5′-aacacagtagcgccagcat-3′ (reverse), β-actin 5′-ccaaccgcgagaagatga-3′ (forward) and 5′-ccagaggcgtacagggatag-3′ (reverse). Relative mRNA copy number of ECSOD and xCT were reported as crossing point-PCRcycle (Cp).
Chemicals and reagents
All chemicals and reagents were purchased from Sigma Chemical Co., unless otherwise specified. Tissue culture supplies were from Falcon (BD Biosciences, San Jose, CA). All tissue culture reagents and Calcein-AM fluorescence dye were obtained from Thermo Fisher Scientific. Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Flowery Branch, GA). Polycarbonated (PCF) inserts were purchased from Corning (Tewksbury MA). Matrigel was purchased from BD Biosciences. All antibodies were purchased from Santa Cruz Biotechnology, Inc., unless otherwise specified.
Cell culture and treatment
PC3 and WPMY1 cells (stromal cell) were obtained from the American Type Culture Collection. Normal prostate epithelial cells (PrEC) were obtained from Lonza Inc. (Walkersville, MA). PC3 cells were cultured in RPMI 1640 supplemented with 10% FBS and 100 mg/L kanamycin sulfate. WPMY1 cells were cultured in keratinocyte serumfree medium supplemented with 50 mg/L bovine pituitary extract, 5 μg/L recombinant epidermal growth factor, and 100 mg/L kanamycin sulfate. PrEC cells were grown in serum-free prostate epithelial growth media (Lonza/Cambrex). All cell lines were grown at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . Various concentrations of SOD, catalase (CAT), 5-aza-2′-deoxycytidine (5-Aza-dC), or sulfasalazine (SASP) were added to the medium for various time points. For each experiment, a preliminary time course and dose-response study of these compounds was performed; only the optimal conditions were reported in the present study. Cells were authenticated using short tandem repeat profiling by ATCC.
Adenovirus gene transduction and siRNA transfection
The adenoviral vector containing human ECSOD cDNA (AdhSOD3) and the control adenovirus with no gene insert (AdEmpty) were purchased from ViraQuest, Inc. (Iowa City, Iowa). Adenovirus containing green fluorescent protein (GFP) cDNA was used to determine transduction efficiency. Transduction efficiency of the adenoviral vector containing GFP was > 85% in all cell lines as measured by fluorescence intensity of GFP in flow cytometry analysis (data not show). The adenovirus constructs and the procedure of transduction of adenoviral vectors were previously described [30] . Our published data indicate that transduction of AdhSOD3 at 300 multiplicity of infection (MOI) [30] provides optimal expression of ECSOD (at least up to 5 days after transduction). Heparin was added to the media to activate ECSOD secretion. Cells harvested at 72 h post-transduction. For siRNA, siRNA xCT (sc-76933) and scrambled (sc-36869) were purchased from Santa Cruz. siRNA transfection was performed as previously described [2] . siRNA at 40 ng/ml were used in all experiments.
In vitro invasion assay
PC3 (2.5 × 10
5/ ml) cells with or without gene modification were cultured in serum-free RPMI 1640 before seeding onto the upper chamber. Serum-free RPMI 1640 and complete medium were added to the upper and lower chambers, respectively. After incubation for 24 h, cells that had invaded through Matrigel coated PCF membranes were detached using the cell dissociation buffer and detected using Calcein-AM fluorescence dye. Due to the close interaction between PCa epithelial and stromal cells in tissue, the effect of stromal cells on PCa invasion was investigated using a co-culturing system. Stromal cells were placed in the bottom of the chamber while PC3 cells were placed on the insert. Paracrine signaling from stromal cells induced the PC3 cells to invade from the top surface through the bottom surface of the insert (Supplementary Fig. 2 ).
Analysis of Cys, CySS, GSH, and glutathione disulfide (GSSG)
Concentrations of Cys, CySS, GSH, and GSSG in cell culture media were determined by HPLC with fluorescence detection as described in a previous publication [2] . Briefly, media was added (1:1) to ice-cold 10% perchloric acid solution containing 0.2 M boric acid. Samples were derivatized with iodoacetic acid (IAA) and dansyl chloride. Thiols and disulfides were separated and quantified by integration of their HPLC peaks relative to the internal standard (gamma-glutamylglutamate). Extracellular redox potential of the redox couples Cys/CySS (E h CySS) and GSH/GSSG (E h GSSG) were calculated using the Nernst equation, E h CySS = −250 + 30 log [(CySS)/(Cys) 2 ] and E h GSSG = −264 + 30 log [(GSSG)/(GSH) 2 ], respectively.
Extracellular H 2 O 2 and nitrite measurements
External H 2 O 2 and nitrite levels (which are a stable and nonvolatile breakdown product of NO•) were analyzed following the manufacturer's instructions based on the Amplex Red (ThermoFisher, Waltham, MA) and the Griess reagent system (Promega Co. Madison, WI), respectively. Media decanted from growing cells were analyzed in these experiments.
Intracellular ROS/RNS measurements
Briefly, cells were incubated with phenol red-free media containing 10 μM 2′,7′-dichlorofluorescein diacetate (H 2 DCFDA) or 5-(and-6)-carboxy-2′,7′-dichlorofluorescein diacetate (CDCFDA, oxidation-insensitive dye) (Thermo Fisher) for 30 min at 37°C. CDCFDA was used to normalize uptake, efflux, and ester cleavage of H 2 DCFDA. The data are presented as the ratio of dichlorofluorescein (DCF) to 5-(and-6)-carboxy dichlorofluorescein (CDCF) [31] .
Matrix metalloproteinase (MMP) activity
Conditioned media were concentrated using an Amicon Ultra-15 filter. MMP2/9 activities (Merck Millipore, Billerica, MA) were measured in the media by following the manufacturer's protocol.
Western blot analysis
The protocols of western blot analysis were detailed in a previous publication [32] . Proteins from crude supernatants or concentrated conditioned media were placed in each well. Proteins were identified using antibodies to ECSOD, xCT, or β-actin. The data images were analyzed using Odyssey software.
Statistics
All vitro experiments were repeated at least three separate times. One-way ANOVA or Student's two-sample t-test was used to analyze the mean difference across groups. Multiple pairwise comparisons between groups were adjusted using LSD. Quantitative levels of ECSOD and xCT from BPH and PCa patients were calculated from the Aperio system. ECSOD and xCT immunohistochemistry (IHC) expression levels were then compared between BPH vs. PCa groups and across Gleason groups using two sample t-test, one-way ANOVA, and post hoc test. Correlation between ECSOD with xCT expressions from PCa patients and with prostate specific antigen levels and age were calculated using Pearson's correlation coefficient while univariate comparison of IHC with clinical features; smoking history, metastasis, recurrence, and survival, was performed using two group and multiple group comparisons. We then utilized total intensity positive pixels of ECSOD and xCT from PCa patients versus BPH subjects to calculate the Youden's index [33] in order to dichotomize ECSOD and xCT into two levels (low vs. high expression levels). Overall survival was estimated using Kaplan Meier curves between high vs. low ECSOD and xCT levels and compared using the generalized Wilcoxon test. Statistical analyses were performed with SPSS 14 software (SPSS, Inc., Chicago, IL, USA) and SAS 9.4 (Cary, NC). A two-sided p-value of less than 0.05 was considered significant.
Results
3.1.
The extracellular redox state is progressively altered as PCa becomes more aggressive with a decrease in ECSOD and an increase in xCT protein expression
In order to understand the role of ECSOD and xCT during PCa progression, we analyzed the expression levels of ECSOD and xCT in prostate epithelial and stromal cells of BPH and PCa tissues of varying Gleason scores. As displayed in Table 1 , a total of 165 PCa tissues and 34 BPH tissues were used in construction of a PCa-tumor microarray (PCa-TMA). Among PCa samples, stage II disease (52%) and Gleason score 7 (60%) are the predominant types (Table 1) . Local recurrence was exhibited in 19% of patients, while 18% of patients experienced distant metastatic cancer. The average age of PCa patients was 58% and 32% of PCa patients had a smoking history. In general, staining intensity for both ECSOD and xCT was stronger in epithelial cells than stromal cells. Remarkably, a high Gleason score demonstrated intense staining for xCT and a weak staining for ECSOD in PCa when compared to adjacent BPH from the same patients (Fig. 1A-C) . Quantitative analysis of the staining intensity of ECSOD and xCT expression using the Aperio system are presented in Fig. 1D -E. High grade (Gleason score ≥ 8), intermediate grade (Gleason score 7), and low grade (Gleason score 6) PCa tissues exhibited significantly higher levels of xCT but lower levels of ECSOD in epithelial area compared to adjacent BPH tissues. The decrease of ECSOD in epithelial areas was significant across all Gleason scores. PCa with Gleason score ≥ 8 demonstrated a greater decrease in ECSOD in epithelial areas compared to samples with lower Gleason scores of 7 and 6. Interestingly, ECSOD expression in stromal areas was significantly decreased only in PCa with Gleason score > 8. In contrast, xCT expression was significantly increased in PCa epithelial areas but not in the stromal areas. Concomitant down-regulation of ECSOD and up-regulation of xCT expressions was also observed in PCa with stages II, II, and IV ( Supplementary Fig. 3 ). Pearson correlation confirms the reverse correlation; as ECSOD level is decreased while xCT level is increased in each sample (Fig. 1F) . Next, we evaluated ECSOD and xCT mRNA expressions in specimens obtained from PCa's patients with Gleason score ≥ 8 (N = 4) compared to BPH (N = 4). The relative mRNA expression levels of ECSOD and xCT in BPH and PCa are shown in Fig. 1G indicating that xCT levels were significantly increased in PCa patients (lower Cp indicates higher level of mRNA) while ECSOD levels were slightly decreased. Oncomine data analysis revealed the similar expression trends for ECSOD and xCT for all three prostate data sets (Grasso, Taylor, and Yu) with one data set reaching statistical significance ( Supplementary Fig. 4) .
Analysis of ECSOD and xCT expression with clinical outcome revealed that ECSOD expression was significantly decreased, especially in the epithelial area of metastatic PCa; in contrast, xCT protein expression was significantly increased in the stromal area ( Fig. 2A) . Furthermore, ECSOD expression in epithelial area significantly decreased in recurrence PCa but not xCT expression (Fig. 2B) . xCT expression slightly increased in PCa patients who resist to radiation treatment ( Supplementary Fig. 5 ). More importantly, Kaplan-Meier survival curve of high expression of xCT (cut-off at 1.4 × 10 9 ) is associated with low survival rate of PCa patients after diagnosis based on the generalized Wilxoson test, whereas low expression of ECSOD was not (cut-off at 7.5 × 10 6 ) (Fig. 2C) . Data from Figs. 1 and 2 suggest that the redox state at the cell surface may be modified due to changes in ECSOD and xCT levels. Low ECSOD levels with a Gleason score ≥ 8 and metastasis PCa indicates that significant redox imbalance precedes malignancy.
Simultaneously increasing ECSOD and inhibiting xCT expression suppresses PCa cell invasion, alters extracellular H 2 O 2 production, and shifts intra-and extracellular redox states toward the oxidizing state in PCa cells
We confirmed that the extracellular redox states in PCa cell lines mirrored data obtained from the human PCa tissues. As demonstrated in Fig. 3A , PC3 cells exhibited significantly higher levels of xCT and significantly lower levels of ECSOD compared with normal human prostate epithelial cells (PrEC), a finding consistent with those from PCa tissues. Down-regulation of ECSOD expression was suggested to be from methylation of the ECSOD promoter [3] . We treated PrEC and PC3 cells with 5 μM 5-Aza-dC, a DNA methylation inhibitor, for 96 h and found that 5-Aza-dC restored ECSOD expression levels when compared with non-treatment group (Fig. 3B) . In addition, it is well known that expression of xCT is regulated by nuclear factor (erythroid-derived 2)-like 2 (Nrf2) in response to oxidative stress [24] . Herein, western blot analysis confirmed that up-regulation of xCT in PC3 cells is correlated with the up-regulation of Nrf2 expression (Fig. 3C) . Next, we addressed the role of ECSOD and xCT in PCa cell invasion by treating PC3 cells with either (1) 100 µM SASP, a xCT inhibitor, (2) 100 Units SOD (nonpermeable purified), or (3) 100 µM SASP plus 100 Units SOD in the upper chamber for 18 hs. As shown in Fig. 3D , combined treatment of SASP and non-permeable purified SOD in the media significantly decreased PCa invasion more effectively than addition of SOD or SASP alone. Due to the possibility of non-specific inhibition of SASP and the labile property of SOD, we further confirmed the result by overexpressing ECSOD using an adenovirus contain cDNA for SOD3 gene (AdhSOD3) and knockdown of xCT using siRNA directed against the SLC7A11 gene (siRNA xCT). As shown in Fig. 3E , transduction of AdhSOD3 at 300 MOI for 48 h resulted in an approximate 3-fold increase in ECSOD inside and outside the cells, while transfection of xCT (40 nM/ml) siRNA resulted in a decrease in xCT expression by 80%. Interestingly, we observed a slight decrease in xCT expression after overexpression of ECSOD and a slight increase of ECSOD after inhibition of xCT. As shown in Fig. 3F , overexpression of ECSOD or knockdown of xCT significantly decreased PC3 cell invasion. As expected, concurrent overexpression of ECSOD and knockdown of xCT inhibited PC3 cell invasion to a greater extent than overexpression of ECSOD or knockdown of xCT alone.
Since overexpression of ECSOD combined with inhibition of xCT may contribute to alteration of the TME redox state, we measured H 2 O 2 , NO
• , and redox status in the media. Increasing ECSOD alone increased extracellular H 2 O 2 and nitrite levels as well as intracellular ROS level. Similarly, xCT knockdown alone increased extracellular H 2 O 2 and intracellular ROS levels. Expectedly, simultaneously increasing ECSOD and knockdown of xCT expression increased extracellular H 2 O 2 and nitrite levels (Fig. 4A-B) as well intracellular ROS/RNS levels (Fig. 4C) . The changes in extracellular and intracellular redox states are greater in the group with overexpression of ECSOD combined with knockdown of xCT when compared with overexpressing ECSOD alone or xCT knockdown alone. Furthermore, the extracellular redox potential of the redox couples Cys/CySS (E h CySS) exhibited an increase in redox potential value from −154 ± −17.5 mV to −102 ± −9.8 mV after concurrent overexpression of ECSOD and knockdown of xCT (Fig. 4D) . The increase in redox potential value indicates an oxidized redox state when compared to the control condition. Transduction of AdEmpty, transfection of siRNA scrambled, and combination of both did not significantly changed cell invasion or redox state. This data indicates that overexpression of ECSOD and inhibition of xCT push the TME and intracellular redox state toward the oxidized state and inhibit PCa invasion.
Increasing ECSOD and inhibiting xCT in stromal cells significantly inhibited PC3 invasion in the co-culturing system
Since there was a significant decrease in ECSOD levels in the stromal area of PCa with a Gleason score ≥ 8 and a significant increase in xCT levels in the stromal area of metastatic PCa (Fig. 1D) , we investigated whether ECSOD and xCT in stromal cells support PCa cell invasion. As with the epithelial cells, immortalized prostate stromal cells, WPMY1, exhibited significantly higher levels of xCT and significantly lower levels of ECSOD compared to PrEC cells (Fig. 3A, lysates) . Similarly, treatment with 5-Aza-dC induced expression of ECSOD in WPMY1 cells (Fig. 3B ) and Nrf2 expression is up-regulated in WPMY1 cells (Fig. 3C) .
To address the role of stromal redox state, ECSOD was overexpressed and/or xCT was knock-downed in WPMY1 cells. Western blot analysis (Fig. 5A) demonstrated an approximately two-fold increase in ECSOD levels in the spent media and cell lysates of WPMY1 cells after transduction with AdhSOD3. As expected, transfection of WPMY1 cells with siRNA directed against xCT inhibited xCT expression by approximately 70%. Similar to PC3, we observed a decrease in xCT expression after overexpression of ECSOD, while inhibition of xCT slightly increased ECSOD expression in the media. As shown in Fig. 5B , co-culture of PC3 cells with WPMY1 cells increased the ability of PC3 cells to invade through the in-vitro invasion system when compared to PC3 cells with no WPMY1 cells in the lower chamber. Notably, we observed a significant decrease in PC3 cell invasion after overexpressing ECSOD or knockdown of xCT in WPMY1 cells. However, simultaneous overexpression of ECSOD and knockdown of xCT significantly inhibited PC3 invasion, greater than with ECSOD overexpression or knockdown of xCT alone. These data confirm that ECSOD and xCT work in concert to regulate PCa invasion; altering one of them alone provides a suboptimal inhibitory effect. Next, we measured extracellular H 2 O 2 and found that overexpression of ECSOD combined with knockdown of xCT in WPMY1 cells increased extracellular H 2 O 2 levels more than that observed by overexpressing ECSOD alone or xCT knockdown alone. Correlatively, the redox potential in the conditioned media of WPMY1 cells overexpressing ECSOD combined with knockdown of xCT group significantly increased (Fig. 5C-D) . Collectively, these changes in redox state parameters contribute to an increase in the extracellular oxidized state.
Treatment with CAT significantly promoted PC3 cell invasion and increased MMP activities
To confirm the role of an oxidized TME and extracellular H 2 O 2 in PC3 cell invasion, we added 10,000 Units of CAT to the media during cell invasion. As expected, treatment with CAT significantly increased invasion of PC3 cells that overexpress ECSOD, or with xCT knockdown, and the combination of ECSOD overexpression and xCT knockdown (Fig. 6A) . Correspondingly, CAT treatment increased MMP2/9 activities (Fig. 6B ) as well as decreased extracellular H 2 O 2 and nitrite levels ( Supplementary Fig. 6A-B) . Transduction of AdEmpty, transfection of siRNA scrambled, and a combination of both did not significantly changed cell invasion ability and MMP activities. These data imply that CAT reverses the anti-invasive effect of ECSOD on cancer cells and promotes the pro-invasive effect of xCT.
Discussion
PCa invasion and metastasis is a complex multistep cascade that leads to secondary site deposits in distant organs. Several in vitro studies showed a relationship between the intracellular redox state and cancer cell metastasis. Nevertheless, the interpretation of these results from cell lysates is uncertain because the cell is compartmentalized into subcellular organelles and the redox state of each compartment is significantly distinctive [34] . Using the Aperio imaging analysis system, we are the first to show that ECSOD expression is significantly decreased in epithelial and stromal areas of high Gleason PCa. The molecular mechanisms governing ECSOD expression have not been elucidated in detail. The NCI's Genomic Data Commons database [35] revealed that 5 of 12 PCa studies reveal a deletion of SOD3 gene ( Supplementary Fig. 7 ). Since both mRNA and protein ECSOD levels are decreased in PCa, the inhibition likely occurs at the transcriptional stage. We previously demonstrated that treatment of PC3 cells with a DNA methyltransferase inhibitor; 5-Aza-Dc increases ECSOD expression [3] . This suggests that aberrant cytosine methylation of the ECSOD promoter may contribute to the loss of ECSOD expression in PCa tissues and cells [13, 14] . The single nucleotide polymorphism, rs699473, of SOD in the serum is reportedly associated with high-grade PCa [36] . Similarly, ten-eleven translocation, a dioxygenase of 5-methylcytosine that plays a central role in DNA demethylation processes, is abundantly expressed in lung, breast, skin fibroblasts, and prostate cancers [37] . These results are consistent with the expression pattern of ECSOD and its DNA methylation status in PCa.
Next, we demonstrated that xCT protein expression is significantly increased in PCa epithelial tissues, which corroborates other studies [38] [39] [40] . In fact, both xCT mRNA and the SLC7A11 gene expressions are significantly increased in PCa tissues (Supplementary Fig. 7) . We previously showed that redox-responsive Nrf2 is up-regulated in highgrade PCa tissues [3, 24] . We further found that the oxidized form of peroxiredoxin and 8-hydroxy-2′-doxyguanosine are significantly increased in the matching PCa-TMA (unpublished data). Accordingly, these data suggest that an increase in xCT protein expression in aggressive PCa is due to oxidative stress activation of Nfr2. It is worth noting that, a direct interaction between ECSOD and xCT remains inconclusive. Interestingly, a slight decrease in xCT expression was observed when ECSOD was overexpressed. We propose that increasing ECSOD suppresses Nrf2 activity, which subsequently down-regulates xCT expression and alters the level of extracellular Cys and homocysteine (cysteine intermediate).
To investigate potential therapeutic applications, we altered the expression of ECSOD and xCT. We found that xCT is a pro-invasive protein while ECSOD is an anti-invasive protein; the dual actions of increasing ECSOD and decreasing xCT work in concert to regulate PCa cell invasion. The decrease in PCa invasion correlated with 1) an increase in extracellular H 2 O 2 and nitrite (a by-product of NO•); 2) a change in the extracellular redox state toward the oxidizing state; and 3) inhibition of MMP activities. Treatment with extracellular CAT reversed the anti-invasive effect of ECSOD and shifted the TME toward a reducing status. It is conceivable that extracellular H 2 O 2 and the oxidized redox state negatively mediate prostate cell invasion [41, 42] . Of note, inhibition of cancer cell invasion by H 2 O 2 is controversial, potentially due to differences in cancer cell types, microenvironmental proteins, diffusion distances, and sub-cytotoxic concentrations [43] .
In [2, 30] . Although the precise mechanism of ECSOD and xCT on MMP activities is not fully elucidated, we previously demonstrated that induction of O 2
•-or Cys/CySS levels enhance MMP2 activity [30] . Since overexpression of ECSOD and inhibition of xCT expression inhibited MMP2/9 activities and co-treatment with CAT reversed the inhibitory effect. -MMP active sites to directly amplify MMP activities [45] .
In addition to therapeutic targets, expressions of ECSOD and xCT have potential as clinical markers for prognosis and monitoring response to cancer treatment. Loss of ECSOD expression has been associated with decreased long-term survival in patients with pancreatic ductal adenocarcinoma [46] , while overexpression of xCT has been linked to the resistance to anti-cancer drugs [25] . Clinical studies by noninvasive PET imaging in assessing xCT activity in tumors are underway [47] , while Balsalazide, an xCT inhibitor derivative, is already being used to prevent or reduce symptoms of acute radiation-induced proctosigmoiditis in patients undergoing radiation therapy for PCa [48] . These findings highlight the important roles of ECSOD and xCT as therapeutic targets and markers for treatment and diagnosis of aggressive cancers.
Information on the paracrine signaling of ROS/RNS and Cys/CySS between cancer and stromal cells is currently limited. It was reported that extracellular H 2 O 2 from cancer-associated fibroblasts promoted invasiveness in epithelial skin cancer cells by activation of the ERK and JNK pathways [43] . In contrast, thyroid tumor stromal ECSOD inhibited cancer cell migration by regulating IL1-as well as MCP1 inflammatory cytokines [49] . Our results indicated that overexpression of ECSOD and downregulation of xCT in stromal cells significantly inhibits PCa cell invasion in a co-culturing system. The data implies that extracellular O 2
•-, H 2 O 2 , and the Cys paracrine signals promote PC3 cell invasion. Due to its half-life in aqueous phase, diffusion permeability, and highly reactive properties, extracellular H 2 O 2 is an ideal molecular candidate as a paracrine signaling.
To gain a greater understanding of extracellular redox state and PCa metastasis, confirming the protection effect of ECSOD and xCT in a preclinical model is clearly warranted. However, the limitations of currently available PCa metastasis models are a problem that must be addressed. Bone is the major site of metastasis in PCa. Transgenic spontaneous PCa models rarely result in bone metastases and orthotopic xenograft models are invasive, predominantly to adjacent lymph nodes. Furthermore, direct injection of PCa cells into bone results in growth of PCa cells at the point of injection only. Thus, development of relevant animal models for PCa metastasis should be a future goal for the research community. Nevertheless, our data on human prostate cancer tissues and co-culturing systems in vitro strongly suggest that shifting the extracellular redox state toward an oxidizing status by targeted modulation of ECSOD and xCT, in both cancer and stromal cells, provides a better strategy for potential therapeutic of invasive PCa.
Pro-oxidants are a double-edged sword; they can be beneficial or harmful to cancer cells. Hence, increasing intra-and extracellular prooxidant levels beyond the antioxidant capacity of tumor cells by shifting the TME redox state provides a logical approach for treating metastatic PCa. Our current study suggests that extracellular H 2 O 2 and the oxidized redox state are negative mediators of PCa cell invasion. Overexpression of ECSOD and knockdown of xCT alter the extracellular and intracellular redox states and subsequently inhibit invasion of PCa cells. Targeting ECSOD and xCT in both epithelial and stromal cells may provide greater inhibition of PCa invasion than targeting these proteins in epithelial cells alone. Accordingly, modulation of various TME components as a network would provide a greater strategy for potential therapeutic interventions of aggressive PCa.
